Psychostimulant abuse produces deficits in prefrontal cortex (PFC) function, whereas physical activity improves PFC-dependent cognition and memory. The present study explored the vulnerability of medial PFC (mPFC) precursor proliferation and survival to methamphetamine self-administration and voluntary exercise, factors that may have opposing effects on mPFC plasticity to facilitate functional consequences. Intermittent 1 h access to methamphetamine (I-ShA) increased, but daily 1 and 6 h access decreased, proliferation and survival, with dose-dependent effects on mature cell phenotypes. All groups showed increased cell death. Voluntary exercise enhanced proliferation and survival but, in contrast to methamphetamine exposure, did not alter cell death or mature phenotypes. Furthermore, enhanced cell survival by I-ShA and voluntary exercise had profound effects on gliogenesis with differential regulation of oligodendrocytes versus astrocytes. In addition, new cells in the adult mPFC stain for the neuronal marker neuronal nuclear protein, although enhanced cell survival by I-ShA and voluntary exercise did not result in increased neurogenesis. Our findings demonstrate that mPFC gliogenesis is vulnerable to psychostimulant abuse and physical activity with distinct underlying mechanisms. The susceptibility of mPFC gliogenesis to even modest doses of methamphetamine could account for the pronounced pathology linked to psychostimulant abuse.
Introduction
The ability of the brain to endlessly generate new precursor or neural stem cells throughout adulthood that maintain the structure and function of the adult mammalian brain changed the dogma that new neurons were born only during development (Gould et al., 1999a; Markakis and Gage, 1999; Kempermann, 2002; van Praag et al., 2002; Ramirez-Amaya et al., 2006) . Medial prefrontal cortex (mPFC) precursors are mostly gliogenic, and their neurogenic capacity is uncertain and unconfirmed (Gould et al., 1999b; Magavi et al., 2000; Nowakowski and Hayes, 2000; Kornack and Rakic, 2001; Bernier et al., 2002; Ehninger and Kempermann, 2003; Koketsu et al., 2003; Kodama et al., 2004; Dayer et al., 2005; Madsen et al., 2005; Czeh et al., 2007; Ongur et al., 2007) . However, evidence suggests that glia (astrocytes and oligodendrocytes) are necessary to maintain the structure and proper functioning of neurons and may in certain enriched environments support neurogenesis of neural stem cells (AlvarezBuylla et al., 2000; Kondo and Raff, 2000; Alvarez-Buylla and Lim, 2004; Sanai et al., 2004; Benarroch, 2005) . The involvement of the PFC in both the development and consequences of addiction (Jentsch et al., 2000; Rhodes et al., 2005) raises the hypothesis of a potential role of the newly generated glia in such functional changes.
Drugs of abuse such as psychostimulants are reinforcing with high abuse potential, and methamphetamine is robust in this respect. The PFC has been implicated in several neurobiological phenomena associated with compulsive drug seeking (Rhodes et al., 2005) . Despite the potential role of the frontal cortex in compulsive drug seeking (Jentsch et al., 2000) , very little information exists about drug intake in the context of compulsive drug use altering precursor cell birth and death in the mPFC. Compulsive intake or escalation of intravenous drug self-administration is observed in rodents with extended access to psychostimulants (Ahmed and Koob, 1998; Kitamura et al., 2006) . Therefore, intravenous self-administration holds significant clinical relevance and may provide a useful approach to understanding the neurobiological mechanisms responsible for the transition from drug use to escalation in intake (Ahmed and Koob, 1998) . Importantly, the voluntary behavioral paradigm for compulsive drug intake may represent a particularly suitable model for testing the hypothesis that alteration in adult mPFC plasticity by the drug is partly responsible for the addictive behavior. The recent conceptualization of a critical role for deficits in the PFC in promoting addiction-related deficits in executive function (Goldstein and Volkow, 2002) suggests that understanding the role of gliogenesis in various stages of drug taking will likely enhance our ability to understand the pathophysiology of addiction.
Unlike psychostimulants that negatively impact the neurochemistry and neurocircuitry of the mPFC, exercise performed voluntarily has profound positive effects on frontal cortexdependent behavior (Pinilla, 2006; Small et al., 2006; Yu et al., 2006) . Such outcomes may be attributable to explicit alterations in PFC cytoarchitecture and plasticity. Therefore, in this study, we incorporated voluntary models of methamphetamine administration and exercise to compare and contrast the vulnerability of the mPFC proliferative environment to negative and positive environmental factors.
Materials and Methods
Animals, bromodeoxyuridine injections, and tissue preparation. Adult, male Wistar rats (Charles River Laboratories, Wilmington, MA), weighing 250 -300 g at the start of the experiment, were housed two per cage in a temperature-controlled vivarium under a reversed light/dark cycle (lights off 10:00 A.M. to 10:00 P.M.). Food and water were available ad libitum, except during the food training period. Rats were subjected to either methamphetamine self-administration (for experimental details, see Fig. 1a ) or voluntary exercise on running wheels and were 24 -26 weeks old when perfused. All procedures were performed during the dark phase. During the study, all rats received one intraperitoneal injection of 150 mg/kg bromodeoxyuridine (BrdU) (Roche Diagnostics, Indianapolis, IN) (dissolved in 0.9% saline and 0.007N NaOH at 20 mg/ml) and survived for 28 d, after which they were anesthetized with chloral hydrate and perfused transcardially as described previously (Mandyam et al., 2004) . Brains were sectioned coronally on a freezing microtome at 40 m through the mPFC (bregma 3.7-2.2) (Paxinos and Watson, 1997) , and sections were stored in 0.1% NaN 3 in 1ϫ PBS at 4°C. Surgical and experimental procedures were performed in strict adherence to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (publication number 85-23, revised 1996) and approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute.
Methamphetamine self-administration. Methamphetamine hydrochloride (generously provided by the National Institute on Drug Abuse, Bethesda, MD) was dissolved in sterile physiological saline (0.9%). Methamphetamine self-administration was performed as reported previously (Kitamura et al., 2006) . Details of the timeline of self-administration are provided in Figure 1a . Rats were food restricted from 1 d before the first day of food training, and food was given ad libitum after training. For baseline, all animals were allowed access to a fixed ratio 1 timeout 20 s schedule of methamphetamine self-administration with 1 h access to methamphetamine for six consecutive sessions at a dose of 0.05 mg/kg per infusion. After baseline, three groups of rats were formed and were subjected to escalation sessions. During the escalation phase, groups differed only with respect to methamphetamine availability: 6 h daily access [long access (LgA) group; n ϭ 6], 1 h daily access [short access (ShA) group; n ϭ 6 -9], or 1 h intermittent access (I-ShA; n ϭ 6, exposed to methamphetamine on Monday and Thursday of the week). The selfadministration lasted for at least 21 d followed by BrdU injection and 28 d of survival. A parallel group of age-matched rats (n ϭ 6) housed in the same room were used as drug-naive controls.
Voluntary exercise. After a 7 d acclimation period, each rat was randomly assigned to either standard caging (control) or caging that contained a running wheel (Nalgene activity wheel, 34.5 cm diameter ϫ 9.7 cm wide) connected to a Axiom A10W Cyclocomputer, allowing us to monitor running distance and speed in kilometers for individual animals. All voluntary exercise animals (n ϭ 6) were exposed to the running wheel for 14 d to ensure running activity, after which they received a single intraperitoneal BrdU injection and were maintained with running wheels for 28 d. Parallel groups of age-matched rats (n ϭ 3) housed in the same room without running wheels were used as controls.
Antibodies. The following primary antibodies were used for immunohistochemistry: rabbit polyclonal anti-Ki-67 (1:500; Novocastra Laboratories, Newcastle upon Tyne, UK), mouse anti-BrdU (1:100; BD, Franklin Lakes, NJ), rat monoclonal anti-BrdU (1:100; Accurate Chemical, Westbury, NY), rabbit polyclonal anti-glial fibrillary acidic protein (GFAP; 1:500; DakoCytomation, High Wycombe, UK), mouse monoclonal anti-neuronal nuclear protein (NeuN; 1:50; Millipore, Billerica, MA), and rabbit polyclonal anti-chondroitin sulfate proteoglycan NG2 (1:250; Millipore).
Immunohistochemistry. The left and right hemispheres of every ninth section through the rat brain mPFC were slide mounted, coded, and dried overnight before immunohistochemistry. Slide-mounted sections were subjected to three pretreatment steps as described previously (Mandyam et al., 2004) . After pretreatments, sections were incubated with 0.3% hydrogen peroxide for 30 min to remove any endogenous peroxidase activity. Nonspecific binding was then blocked with 5% serum and 0.5% Triton X-100 in 1ϫ PBS for 60 min and incubated with the primary antibody (in 5% serum and 0.5% Tween 20) for 18 -20 h. After washing with 1ϫ PBS, the sections were exposed to either biotin-tagged (single-labeling studies) or fluorescent-tagged (triple-labeling studies) secondary antibodies for 60 min. For single labeling, after secondary antibody incubation, slides were incubated in ABC for 1 h (Vector Laboratories, Burlingame, CA), and then staining was visualized with metalenhanced DAB substrate (Pierce, Rockford, IL). DAB-labeled sections were counterstained with fast red (Vector Laboratories). For triple labeling, the sections were simultaneously incubated with all primary antibodies (BrdU, NeuN, GFAP, or NG2), followed by sequential fluorescent secondary antibody staining [cyanine 2 (Cy2)-, Cy3-, and Cy5-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA)]. Fluorescent-labeled sections were counterstained with 4Ј,6-diamidine-2Ј-phenylindole dihydrochloride (DAPI) (1:3000; Roche Diagnostics). Omission or dilution of the primary antibody resulted in a lack of specific staining, thus serving as a negative control for immunohistochemistry experiments.
Quantification, confocal imaging, and analysis. mPFC cells were quantified with a Zeiss (Oberkochen, Germany) Axiophot photomicroscope (400ϫ) using the optical fractionator method in which the left and right hemisphere of every ninth section through the mPFC (bregma 3.7-2.2) was examined. Cells from each bregma region were summed and multiplied by nine to give the total number of cells.
All BrdU-immunoreactive (IR) cells were subjected to phenotypic analysis with a confocal microscope [LaserSharp 2000, version 5 .2 (BioRad, Hercules, CA); emission wavelengths, 488, 568, and 647 nm]. The ratio of BrdU-IR cells that were BrdU/NeuN, BrdU/GFAP, BrdU/NG2, or BrdU-IR cells negative for NeuN, NG2, and GFAP in relation to the total number of BrdU cells were analyzed from each rat. The proportion of BrdU/NeuN-IR cells from both BrdU/NeuN/GFAP and BrdU/NeuN/ NG2 combinations was combined for each rat. Standards for BrdU/ NeuN assessment included 100% colocalization of BrdU-IR cell with NeuN and equal penetration and labeling of both fluorescent dyes when visualized under orthogonal scanning. Standards for BrdU/GFAP assessment included GFAP staining surrounding BrdU-IR cell to be Ͼ80% and equal penetration and labeling of both fluorescent dyes when visualized under orthogonal scanning. Standards for BrdU/NG2 assessment included 100% colocalization of BrdU-IR with cell body of NG2-IR cell and equal penetration and labeling of both fluorescent dyes when visualized under orthogonal scanning.
Optical sectioning in the z plane was performed using multitrack scanning with an optimal section thickness of 0.45 m. Confocal analysis was performed at 600ϫ and restricted to the top 15 m of the section where penetration of all three antibodies is reliable. Cells in the uppermost range of a section were omitted from analysis to avoid counting end caps. Colocalization of antibodies was assessed with the confocal system by analysis of adjacent z sections (gallery function) and orthogonal sectioning (x-y-z plane) through single z sections. Three-dimensional render-ings were rotated, and colocalization was examined from x-, y-, and z-axes.
Stereology volume analysis. Volume measurements were determined in the sections used previously to measure proliferation counterstained with fast red. Volumes were estimated based on surface area measurements made from coronal brain sections. All measurements were obtained using StereoInvestigator software (MicroBrightField, Williston, VT) with a Zeiss Axiophot photomicroscope. Outlines were traced around the border of the mPFC at low power (50ϫ) in every ninth section from rostral to caudal throughout the mPFC (four sections bilaterally). All contours were drawn using a 5ϫ objective, and a grid spacing of 150 m was used to determine the x and y spacing between neighboring points in the array. A randomized rotation was used for superimposing the grid on the contours to perform volume estimates according to the Cavalieri principle. Sections outlined for mPFC included cingulate cortex areas 1 and 3, infralimbic cortex, and prelimbic cortex. The number of sampling sites ranged from 85 to 150 (bregma 3.7-2.2) in the mPFC. A section thickness of 40 m and measured section thickness of 21 m were used for all groups.
Data analysis. Data are represented as mean Ϯ SEM and are considered significant if p Ͻ 0.05. The relationship between methamphetamine intake Ki-67, BrdU, and pyknotic cells and voluntary exercise Ki-67 and BrdU was determined using Pearson's regression analyses. Statistical analysis was performed with either one-or two-way ANOVA followed by Dunnett's or Bonferroni's post hoc test or Student's t test using GraphPad Software (San Diego, CA) Prism version 4.03 for Windows. Images presented here were collected on a Bio-Rad LaserSharp 2000 version 5.2 confocal microscope and imported into Photoshop version CS2 (Adobe Software, San Jose, CA). Only the gamma adjustment in the levels function was used.
Results

Methamphetamine decreases proliferation and survival of mPFC precursors
Self-administration behavior
We used the limited and daily access model of intravenous methamphetamine self-administration to investigate methamphetamine-induced alterations on actively proliferating cells and survival of precursors in the mPFC. Rats were implanted with catheters for methamphetamine self-administration in the jugular vein as described previously (Kitamura et al., 2006) . After baseline self-administration was achieved, rats were placed in one of three groups of methamphetamine exposure: intermittent 1 h (I-ShA), daily 1 h (ShA), or 6 h access (LgA) as described in Materials and Methods (Fig. 1) . The three groups did not show any differences in baseline methamphetamine intake (Fig. 1b,c , Baseline). After extended access to self-administration, there was a significant interaction between the three groups ( Fig. 1b) (F (4,36) ϭ 9.7; p Ͻ 0.0001), indicating differences in drug intake. During the first hour access of an earlier session (day 19) and the last session (day 49), the LgA group showed a significant increase in methamphetamine intake compared with baseline. By the last session (day 49), the LgA group also showed a significant increase in methamphetamine intake compared with day 19 (Fig. 1b) . A significant increase in intake also was observed between the last session (day 49) and baseline in the ShA group (106%) but to a lesser extent compared with the LgA group (262%) (Fig. 1b,c) . No increase in intake was observed in the I-ShA group (Fig. 1b,c) . During the first hour access of the last session (day 49), the LgA group showed a significant increase in methamphetamine intake compared with the ShA and I-ShA groups, and the ShA group showed an increase in intake compared with the I-ShA group. Therefore, the self-administration data from the I-ShA, ShA, and LgA groups provide evidence for distinct patterns of methamphetamine intake that may be related to human patterns of use: recreational, chronic abuse, and dependence. The distinct set of symptoms of methamphetamine intake presents a useful model to explore methamphetamine dependence-induced alterations in adult brain plasticity.
Histology
Brains from the drug-naive control, I-ShA, ShA, and LgA groups were processed and examined for changes in precursor proliferation (Ki-67-IR), survival (BrdU-IR), and cell death (pyknotic cells) in the mPFC. For immunoreactive cell quantification, all mPFC subregions [anterior cingulate cortex (ACC), prelimbic cortex, and infralimbic cortex] were included in four rostrocaudal levels of the mPFC (360 m apart; bregma 3.7, 3.2, 2.7, and 2.2) (Fig. 2a-c,g ). The number of cells from each bregma region and the total number of cells for the entire mPFC (threedimensional area per bilateral mPFC) are indicated in Figure 2 . (1 h ShA; n ϭ 6) and (6 h LgA; n ϭ 6) versus intermittent short access (1 h I-ShA; n ϭ 6) to methamphetamine self-administration on methamphetamine intake during the first hour of self-administration. LgA increased methamphetamine intake on days 19 and 49 compared with baseline (days 1-7 combined), and day 49 showed an increase in intake compared with day 19. ShA increased methamphetamine intake on day 49 compared with baseline. LgA (day 49) showed an increase in intake compared with I-ShA and ShA. ShA also showed an increase in intake compared with I-ShA. c, Methamphetamine intake per hour from I-ShA (1 h), ShA (1 h), and LgA (6 h) groups. *p Ͻ 0.05 compared with baseline; 
Cell proliferation in the mPFC
Precursor proliferation was evaluated by Ki-67 immunohistochemistry (Fig. 2d) , an endogenous marker specific for actively dividing precursors (Bacchi and Gown, 1993) . Daily access to methamphetamine (ShA and LgA groups) decreased Ki-67 cell counts compared with controls (Fig. 2h,n) (F (3,25) ϭ 86.07; p Ͻ 0.0001), and the decrease was uniform in the bregma regions analyzed. Intermittent access to methamphetamine (I-ShA group) substantially increased Ki-67 cell counts compared with control and daily access groups (Fig. 2h,n) (F (3,25) ϭ 86.07; p Ͻ 0.0001), and the increased proliferation was higher in bregma region 2.7 (Fig. 2n) (F (3,25) ϭ 9.2; p Ͻ 0.001).
Cell survival in the mPFC
BrdU immunohistochemistry was performed to quantify 28-dold BrdU-IR cells (Fig. 2e) , a measure of precursor cell survival (Corotto et al., 1993) . Parallel to the observed changes in cell proliferation, daily access to methamphetamine (LgA and ShA groups) significantly decreased BrdU cell counts compared with controls, and intermittent exposure to methamphetamine (IShA group) increased the number of mature BrdU cells compared with control and extended access groups (Fig. 2i,o) (F (3,16) ϭ 42.29; p Ͻ 0.001). The most robust effect in the I-ShA group was seen in bregma region 3.2 (Fig. 2o) (F (3,16) ϭ 3.67; p Ͻ 0.05), suggesting that the increase in mature cells was not equivalent at every level of the mPFC (Fig. 2o) .
Cell death in the mPFC
Pyknotic cells (Fig. 2f ) were quantified to assess changes in cell death. I-ShA, ShA, and LgA groups showed increased numbers of pyknotic cells in the mPFC compared with controls ( Fig. 2j ) (F (3,16) ϭ 54.49; p Ͻ 0.001). Importantly, the LgA group showed more cell death in the mPFC than the I-ShA and ShA groups ( Simple regression analysis demonstrated a negative correlation between methamphetamine intake, proliferation, and survival of mPFC precursors (Pearson's correlation; Ki-67, r ϭ Ϫ0.69, r 2 ϭ 0.46, p ϭ 0.002; BrdU, r ϭ Ϫ0.80, r 2 ϭ 0.64, p ϭ 0.001) and a positive correlation between methamphetamine intake and cell death (pyknotic cells, r ϭ 0.91, r 2 ϭ 0.84, p Ͻ 0.001).
Volume of the mPFC
Previous reports have implied that chronic stress decreased hippocampal volume by decreasing hippocampal proliferation Czeh et al., 2001) . Therefore, the contribution of structural changes in the mPFC to decreases in precursor cell birth and maturity after exposure to methamphetamine in ShA and LgA groups was explored. Daily access to methamphetamine (ShA and LgA groups) did not alter the volume of the mPFC (right and left hemisphere combined mPFC volume: naïve, 9.2 Ϯ 0.3 mm 3 ; ShA, 8.5 Ϯ 0.5 mm 3 ; LgA, 8.8 Ϯ 0.3 mm 3 ; p ϭ 0.45) despite decreases in proliferation and survival of mPFC precursors.
Voluntary exercise increases proliferation and survival of mPFC precursors
Training Rats were given free access to running wheels in their home cage 24 h/d. After 2 weeks of acclimation to the environment, running activity was monitored. The average running distance per day varied between individual rats (low of 0.17 Ϯ 0.01 km/d to a high of 1.01 Ϯ 0.1 km/d), which was maintained until the end of the experiment. It is important to note that rats in the voluntary exercise group did not gain as much weight as the control group (percentage weight gain over the entire experimental period: control, 22.7 Ϯ 0.08 vs voluntary exercise, 14.0 Ϯ 1.3; p Ͻ 0.05, unpaired t test).
Histology
Brains from the control and voluntary exercise groups were processed for Ki-67, BrdU, and pyknotic cell staining. Voluntary exercise increased Ki-67 cell counts in the mPFC compared with controls (Fig. 2k ,n, VE) ( p ϭ 0.002), and the increase in proliferation was seen in all bregma regions analyzed. Exercise also increased mature BrdU cell counts compared with controls (Fig.  2l ,o, VE) ( p ϭ 0.001), and, unlike proliferation, bregma region 3.2 showed the most robust increase (Fig. 2o , VE) (F (3,23) ϭ 4.7; p Ͻ 0.01). Exercise did not alter levels of cell death compared with controls. Because there was variability in running activity between rats, a possible correlation between the amount of exercise and cell genesis was evaluated. Simple regression analysis showed no correlation between running activity, proliferation, and survival of mPFC precursors (Ki-67, r 2 ϭ 0.19, p ϭ 0.38; BrdU, r 2 ϭ 0.23, p ϭ 0.32).
Mature cell phenotype in the mPFC is mainly gliogenic, but also to a lesser extent neurogenic Four weeks after BrdU injection, BrdU-IR cells in the mPFC from all groups were subjected to phenotypic analysis. These included controls (drug-naive, controls from the methamphetamine group, and exercise naive from voluntary exercise group), methamphetamine-exposed (I-ShA, ShA, and LgA), and voluntary exercise. Drug-naive controls from the methamphetamine study and controls from the voluntary exercise study showed similar levels of BrdU-IR cell counts; therefore, all of the controls were pooled for analysis (BrdU-IR cells: drug-naive controls, 471 Ϯ 78, n ϭ 6 vs voluntary exercise controls, 444 Ϯ 125, n ϭ 3; p ϭ 0.86 by unpaired t test). BrdU-IR cells were triple labeled with markers for neurons (NeuN), astrocytes (GFAP), and oligodendrocytes (chondroitin sulfate proteoglycan NG2). Immunohistochemistry for BrdU/NeuN/GFAP or BrdU/NeuN/NG2 was performed, and the percentage of BrdU-IR cells that colocalized with neurons versus astrocytes or neurons versus oligodendrocyte precursors was determined.
From the naive control group, every BrdU-IR cell in the mPFC (mean Ϯ SEM, 37 Ϯ 7 BrdU-IR cells from each rat) was subjected to confocal microscopy analysis, including optical sectioning in the z plane, orthogonal analysis, and three-dimensional reconstruction. Approximately 35% of mPFC BrdU-IR cells colocalized with GFAP ( Fig. 3d1-d4,g3) [Ͼ80% colabeling of BrdU with GFAP, overall density of astrocytes of 19 Ϯ 3.8 BrdU/GFAP cells/ mm 3 ; density of cells were estimated as total number of BrdU/ GFAP-IR cells in the mPFC (172.5 Ϯ 32.2) (Fig. 3i) divided by estimated volume of mPFC (9.2 Ϯ 0.3)], and 55% of mPFC BrdU-IR cells colocalized with NG2 (Fig. 3e,f1-f4 ) (100% colabeling of BrdU with NG2-IR cell body, overall density of oligodendrocytes of 27.8 Ϯ 3.6 BrdU/NG2 cells/mm 3 ). These data support previous work that most cortical precursors in the adult mPFC become glia (Gould et al., 1999b; Magavi et al., 2000; Nowakowski and Hayes, 2000; Kornack and Rakic, 2001; Bernier et al., 2002; Ehninger and Kempermann, 2003; Koketsu et al., 2003; Kodama et al., 2004; Dayer et al., 2005; Madsen et al., 2005; Czeh et al., 2007; Ongur et al., 2007) . BrdU-IR/GFAP-IR and BrdU-IR/NG2-IR cells were evenly distributed in all layers of the mPFC. Interestingly, of the nine naive rat brains analyzed, eight showed BrdU-IR/NeuN-IR cells in the mPFC, suggesting these cells achieved a neuronal phenotype (Fig. 3a,c1 -c4,g4,l,m1-m3) (100% colabeling of BrdU with NeuN). In these eight rats, 5.6 Ϯ 1% of mPFC BrdU-IR cells colocalized with NeuN, indicating the overall density of BrdU/NeuN-IR cells to be 2.6 Ϯ 0.4 cells/mm 3 . All BrdU-IR/NeuN-IR cells were in layers V/VI of the cingulate cortex ( Fig. 2a-c) (cortical layer distribution adopted from Stewart and Plenz, 2006) , with none in prelimbic or infralimbic structures. In all control rats, in addition to the large population of BrdU glial cells (Fig. 3j,k) , and smaller but significant population of BrdU neuronal cells, a small proportion of the BrdU-IR cells (1-3%) (Fig. 3g1,g2 ) did not colocalize with NeuN, GFAP, or NG2.
Phenotypic analysis of mature BrdU-IR cells in the mPFC from the I-ShA, ShA, and LgA groups revealed significant changes in the phenotypic ratio. Every BrdU-IR cell in the mPFC (BrdU-IR cells, mean Ϯ SEM: I-ShA, 63 Ϯ 9; ShA, 26 Ϯ 4; LgA, 15 Ϯ 7) was subjected to confocal z scanning. The methamphetamine groups showed similar ratios of BrdU/NeuN colabeling compared with controls ( Fig. 3h) (ratio of BrdU/NeuN cells: control, 5.6 Ϯ 1; I-ShA, 3.6 Ϯ 1.1; ShA, 3.8 Ϯ 0.7; LgA, 3.9 Ϯ 1.4; p Ͼ 0.05). Therefore, the total number of BrdU-IR cells that matured into a neuronal phenotype (NeuN-IR) was maintained after intermittent methamphetamine self-administration and was decreased in the ShA and LgA groups (Fig. 3i) (F (4,27) ϭ 3.6; p ϭ 0.012). Intermittent access to methamphetamine (I-ShA) decreased the proportion of BrdU-IR cells that matured into astrocytes compared with controls ( Fig. 3h) (F (4,27) ϭ 2.7; p ϭ 0.042) and therefore did not change the total number of BrdU/GFAP-IR cells (Fig. 3j) . Both ShA and LgA groups decreased the total number of BrdU/GFAP-IR cells (Fig. 3j) (F (4,27) ϭ 12.2; p ϭ 0.001). In contrast to the effects on neurons and astrocytes, daily extended access to methamphetamine (LgA) decreased the proportion of BrdU-IR cells that matured into oligodendrocyte precursors compared with controls ( Fig. 3h) (F (4,27) ϭ 2.5; p ϭ 0.039). I-ShA increased, whereas ShA and LgA decreased, the total number of BrdU/NG2-IR cells (Fig. 3k) (F (4,27) ϭ 28.4; p ϭ 0.001). In the voluntary exercise group, every BrdU-IR cell in the mPFC (mean Ϯ SEM, 72 Ϯ 7 BrdU-IR cells from each rat) were subjected to similar phenotypic analysis. Exercise maintained and did not alter the phenotypic ratio of mature BrdU-IR cells in the mPFC (Fig. 3h, VE) . Importantly, voluntary exercise increased the total number of BrdU/GFAP-IR (Fig. 3j) (F (4,27) ϭ 12.2; p ϭ 0.001) and BrdU/NG2-IR cells (Fig. 3k) (F (4,27) ϭ 2.5; p ϭ 0.039), without altering the total number of BrdU/NeuN-IR cells.
Discussion
Methamphetamine abuse results in structural, morphological, and physiological injury to the PFC (Paulus et al., 2002; Prudencio et al., 2002; Sekine et al., 2003; Kadota and Kadota, 2004; Lehmann et al., 2004; Thompson et al., 2004) and, as shown in the present study, decreased adult mPFC gliogenesis. Given that the mPFC is implicated in drug craving and seeking (Jentsch et al., 2000; Rhodes et al., 2005) and that glial cells can have a profound impact on brain function (Bartzokis et al., 2004) , our data emphasize that decreased mPFC gliogenesis should be considered as a potent contributor to the compulsive drug-seeking and frontal cortical behavioral deficits associated with psychostimulants.
The findings of this study demonstrate the dynamic regulation of adult mPFC proliferative capacity and underscore how methamphetamine self-administration differentially influences cell birth, survival, and death relative to the amount of drug exposure. For example, intermittent short access (I-ShA; "recreational" or "weekend abuse") to methamphetamine did not produce a dependence-like syndrome but increased mPFC proliferation, survival (oligodendrocytes), and cell death. These results suggest additional investigation into whether the intermittent methamphetamine-induced enhancement in proliferation and gliogenesis contributes to the transient increase in alertness and wakefulness observed in humans with recreational use of methamphetamine (Barr et al., 2006) . Unlike intermittent access, daily short and extended access to methamphetamine (ShA and LgA) generated a dependence-like syndrome and decreased mPFC proliferation and survival (neurogenesis and gliogenesis) and increased cell death. These changes reveal possible mechanisms underlying the functional neurotoxic effects seen with methamphetamine dependence (Paulus et al., 2002; Prudencio et al., 2002; Sekine et al., 2003; Kadota and Kadota, 2004; Lehmann et al., 2004; Thompson et al., 2004) . Furthermore, the negative correlation of methamphetamine intake and precursor proliferation and survival, and the positive correlation of methamphetamine intake and cell death, underscore the harmful effects of chronic methamphetamine use on mPFC neuroplasticity. Perhaps even more importantly, the present results show how even limited exposure to a powerful drug of abuse, such as methamphetamine, can initiate changes in mPFC cell proliferation, survival, and cell death. (l3) to demonstrate optimal exposure of each fluorescent marker (l1, BrdU-Cy2; l2, NeuN-Cy3), avoiding overexposure or underexposure that may produce false-positive colabeling and to show that the BrdUlabeled cell colocalizes with the NeuN-labeled cell via a confocal z image. Epifluorescent images (m1-m3) of the BrdU cell shown in l3; BrdU-labeled cell has only one DAPI-labeled nucleus (m3). Arrowhead in each image points to an immunoreactive cell positive for BrdU/NeuN (a1-c4 ), BrdU/GFAP (d1-d4 ), and BrdU/NG2 (e1-f4 ). Filled arrow in a1 and a4 points to a BrdU ϩ / NeuN Ϫ cell; filled arrow in b3, b4, g3, and g4 points to NeuN ϩ /BrdU Ϫ cell. h, Qualitative analysis of BrdU-IR cells from control, voluntary exercise, and methamphetamine-exposed groups. n ϭ 4 -9 in each group, *p Ͻ 0.05 versus control by Dunnett's post hoc analysis. i-k, Quantitative data demonstrating the effect of methamphetamine self-administration (I-ShA, ShA, and LgA) and voluntary exercise (VE) on total number of BrdU-IR cells that were colabeled with NeuN (i), GFAP (j), or NG2 (k). Scale bars: (in a4 ) a1-f4, l1-m3; (in g4 ) g1-g4, 10 m. Qualitative analysis is expressed as mean Ϯ SEM.
Having demonstrated the disruptive effects of methamphetamine dependence on mPFC gliogenesis, the outcome of voluntary exercise [a stimulus known to be proneurogenic in the hippocampal subgranular zone (van Praag et al., 1999) ] on mPFC plasticity was explored for comparison. Only a few additional studies have reported a positive influence of voluntary exercise on cortical cytoarchitecture and function. For example, voluntary exercise increases vasculature in adult rat motor cortex (Kleim et al., 2002) and improves function dependent on the frontal cortex in normal and cognition-impaired patients (Pinilla, 2006; Small et al., 2006; Yu et al., 2006) . Interestingly, voluntary exercise did not alter gliogenesis in the adult mouse neocortex but rather increased proliferation and survival of microglia in the ACC of the mPFC (Ehninger and Kempermann, 2003) . However, given that the ACC is only one portion of the larger mPFC and because the adult cortex possesses endogenous neural precursors (Magavi et al., 2000; Hoehn et al., 2005) , species differences may contribute to the neurogenic differences between the adult rat and mouse. Therefore, studies examining the effects of voluntary exercise on proliferation and survival in the adult rat mPFC were warranted.
Voluntary exercise, regardless of the amount of exercise, did not alter neurogenesis but enhanced mPFC gliogenesis (astrocytes and oligodendrocytes), actually more so than intermittent limited access to methamphetamine. Notably, running activity did not correlate with the amount of proliferation and survival in the mPFC, suggesting that the amount of exercise per se may be less important than the difference between exercise and no exercise on mPFC plasticity. In addition, voluntary exercise enhanced gliogenesis without influencing cell death or mature phenotype, underscoring the distinct regulation of mPFC precursors and cell death by exercise versus methamphetamine. Furthermore, it is possible that the underlying mechanisms contributing to the proproliferative environment (increased cell proliferation and gliogenesis by I-ShA and voluntary exercise) are different. For example, the I-ShA-induced proliferative environment is perhaps attributable to changes in endogenous levels of neurotransmitters in the mPFC, especially dopamine, in which activation of distinct dopamine receptors have been pro-proliferative (Van Kampen et al., 2004) . The voluntary exercise-induced proproliferative environment is possibly attributable to changes in vasculature and increased expression of endogenous growth factors that promote proliferation (Olson et al., 2006) . Such mechanistic differences may contribute to the differential regulation of astrocytes versus oligodendrocytes seen by exercise versus intermittent methamphetamine.
Most rodent neocortical neurons are generated during development (Bayer and Altman 1990) . Although controversial, some adult-generated NeuN-IR cells (putatively new neurons) are generated in the adult neocortex, including the PFC (Gould et al., 1999b; Bernier et al., 2002; Dayer et al., 2005) . Despite several reports to the contrary (Kornack and Rakic, 2001; Madsen et al., 2005) , our data support the hypothesis that the adult neocortex provides a neurogenic environment induced by external factors (Magavi et al., 2000) and gives birth to oligodendrocyte precursors (Kornack and Rakic, 2001; Kodama et al., 2004; Madsen et al., 2005 , Czeh et al., 2007 , which can be reprogrammed to become neural stem cells (Kondo and Raff, 2000) . Therefore, it is intriguing to consider that the adult PFC may in fact support neurogenesis of cortical precursors whose phenotype is reported to be mostly GABA-positive interneurons (Dayer et al., 2005) . To test this hypothesis, the identity of mature BrdU-IR cells in the mPFC was characterized. NeuN was used to mark mature neurons, because it is a transcription factor expressed in the nucleus and cytoplasm of mature neurons and is widely accepted to be neuron specific. Enhanced immunohistochemical analysis with detailed confocal microscopy analysis revealed a very small proportion of BrdU-IR cells that were NeuN-IR (3-5%; 2.6 Ϯ 0.4 BrdU/NeuN-IR cells/mm 3 ). The present study used nontoxic doses of BrdU (Cameron and McKay, 2001 ) to label S-phase cells, and no evidence was found of mPFC BrdU-IR/NeuN-IR cells undergoing cell death. This suggests that neurons were generated in the adult male Wistar rat mPFC, at a similar number previously reported in nonhuman primates (Gould et al., 1999b) and adult male Sprague Dawley rat cortices (Dayer et al., 2005) . Of the nine control rats, eight showed BrdU/NeuN-IR cells in the mPFC. The lack of BrdU/NeuN-IR cells in one rat's mPFC sections is possibly attributable to genetic, environmental, or other confounding variables influencing rates of neurogenesis that are supported by other studies (Dayer et al., 2005) .
Alternatively, other confounding factors, such as NeuN labeling non-neuronal cells (Mullen et al., 1992) or oligodendrocyte precursors expressing lower levels of NeuN may negate the neuronal characteristics in the very small number of BrdU-IR/ NeuN-IR cells seen in our sections. There have been several recent reports that have examined in detail the phenotype of either all BrdU-IR cells in the adult rat mPFC (similar to our analysis) or randomly selected 50 or more BrdU-IR cells in the mPFC, but none have reported BrdU-IR/NeuN-IR cells (Kornack and Rakic, 2001; Kodama et al., 2004; Madsen et al., 2005; Czeh et al., 2007; Ongur et al., 2007) . Because our analysis shows very few BrdU-IR/NeuN-IR cells (2.6 Ϯ 0.4 cells per cubic millimeter of PFC, restricted to only the layers V/VI of the anterior cingulate cortex), the probability of missing these cells (3-5%) may be a factor for phenotypic differences between laboratories. Additionally, the use of Wistar rats in our study may add to the reports of phenotypic differences reported with the commonly used Sprague Dawley rats. Other evidence such as colabeling of oligodendrocyte precursor marker NG2 with mature BrdU-IR cells further supports the neurogenic environment in the mPFC (Dayer et al., 2005; Czeh et al., 2007; Ongur et al., 2007) . Despite strong evidence that supports NG2 labeling in precursors that mature into oligodendrocytes (Dawson et al., 2003; Lin et al., 2006) , recent evidence also supports that all NG2-IR cells do not mature into oligodendrocytes but rather generate functional neurons as well (Belachew et al., 2003; Aguirre et al., 2004; Dayer et al., 2005; Sellers and Horner, 2005) . Additional markers are therefore necessary to determine the mature fate of BrdU/NG2-IR cells. Nonetheless, in the present study, all treatment groups (both voluntary exercise and methamphetamine-exposed) showed a high percentage of BrdU/NG2 colabeling and nominal levels of BrdU/ NeuN-IR cells (presumably GABAergic interneurons generated from NG2-IR cells) compared with controls, suggesting that BrdU/NeuN-IR cells, per se, did not significantly contribute to the behavioral effects or altered mPFC plasticity.
Unlike generation of new neurons that are restricted to development, there is considerable output of new glia in the adult mPFC. Here, functional implications for mPFC gliogenesis are reported, because physical activity and intermittent exposure to the psychostimulant increased gliogenesis. Both factors increased oligodendrocytes, a cell type that makes up the critical components of white matter microstructure, therefore suggesting possible improvements in working memory dependent on the PFC (Olesen et al., 2003) . Daily methamphetamine exposure decreased both astrocytes and oligodendrocytes, and this decrease was correlated with the amount of methamphetamine intake.
Thus, it is possible that newly generated glia in the mPFC during adulthood may play a unique role in functions dependent on the PFC, including learning and goal-directed behavior. Direct evidence for the hypothesis that late or adult-generated glia play an important role in behavior dependent on the PFC will be required. An additional hypothesis that voluntary exercise, a positive factor for mPFC gliogenesis, may reverse the decreases in gliogenesis seen with daily methamphetamine exposure is an exciting future pursuit and warrants detailed investigation. Whether combinations of such opposing factors produce behavioral outcomes is difficult to predict beforehand. Understanding how gliogenesis in the adult brain regions implicated in maintaining functions governing the predisposition to addiction will likely shed light on the basic mechanisms regulating addictionrelated behaviors.
